Stathmin is a ubiquitous 17 kDa cytosolic phosphoprotein proposed to play a general role in the integration and relay of intracellular signalling pathways. It is believed to regulate microtubule dynamics by sequestering tubulin in a complex made of two tubulin heterodimers per stathmin molecule (T 2 S complex). The other proteins of the stathmin family can also bind two tubulin heterodimers through their SLD (stathmin-like domain), but the different tubulin:SLD complexes display varying stabilities. In this study, we analysed the relative influence of three regions of SLDs on the interaction with tubulin and the mechanistic processes that lead to its sequestration. Tubulin-binding properties of fragments and chimaeras of stathmin and RB3 SLD were studied in vitro by tubulin polymerization, size-exclusion chromatography and surface plasmon resonance assays. Our results show that the N-terminal region of SLDs favours the binding of the first tubulin heterodimer and that the second C-terminal tubulinbinding site confers the specific stability of a given tubulin:SLD complex. Our results highlight the molecular processes by which tubulin co-operatively interacts with the SLDs. This knowledge may contribute to drug development aimed at disturbing microtubules that could be used for the treatment of cancer.
INTRODUCTION
Microtubules are polymers made of α/β tubulin heterodimers that assemble and disassemble in a closely regulated dynamic manner. They are major components of the cytoskeleton involved in numerous cellular functions such as mitosis, cell motility or location of membrane-bound organelles. A characterization of microtubule regulations is thus of importance for the understanding of cell function under normal and pathological conditions.
Stathmin [1] , also named Op18 [2] , is a ubiquitous cytosolic protein that participates in the control of microtubule dynamics [3] . It prevents tubulin polymerization or promotes microtubule disassembly in a phosphorylation-dependent manner [4] [5] [6] [7] . As it can be differently phosphorylated in response to hormones [8] , growth factors [9] or neurotransmitters [10] , stathmin is thought to integrate diverse intracellular signalling pathways [11] that may interfere with various microtubule-dependent cellular functions [12, 13] . Moreover, stathmin is overexpressed in many types of cancers [14] [15] [16] [17] , where these regulations are altered, an abnormality that may be exploited for new therapeutic approaches. It has been demonstrated that stathmin can sequester free tubulin in a non-polymerizable ternary complex made of one stathmin molecule and two α/β tubulin heterodimers (T 2 S complex) [18] [19] [20] [21] [22] . This mechanism accounts for most of the reported stathmin activities regarding microtubules. Alternatively, it has been proposed that stathmin could have other effects on tubulin and microtubules, such as direct interaction with microtubule ends or promotion of the tubulin GTPase activity [3, 23, 24] .
Stathmin is the generic element of a protein family, including SCG10 (superior cervical ganglia protein 10), SCLIP (SCG10-like protein) and RB3 (rat brain-3), that share a highly conserved SLD (stathmin-like domain) [25] [26] [27] [28] . From a functional point of Abbreviations used: DTT, dithiothreitol; RU, resonance unit; SLD, stathmin-like domain; SPR, surface plasmon resonance; TMAO, trimethylamine-Noxide. 1 To whom correspondence should be addressed (e-mail curmi@fer-a-moulin.inserm.fr).
view, all SLDs are able to sequester tubulin in a T 2 S complex. The crystallographic resolution of the RB3 SLD :tubulin complex [21] , with the electron micrographs of the tubulin:stathmin complex [20] , shows that the general organization of these two complexes is very similar, suggesting that the SLDs sequester tubulin according to the same mechanism. However, the complexes so formed display very different stabilities [28] , the T 2 S complex formed with RB3 SLD being, for example, much more stable than that formed with stathmin. Such diversity needs to be studied to understand its physiological and functional relevance. The X-ray structure of the tubulin:RB3 SLD complex [21] shows that it is made of two tubulin heterodimers aligned head-to-tail (αβ-αβ) centred on a 91-residue SLD α-helix. The limits of the SLD α-helix were not determined but secondary-structure algorithms predict an α-helix covering approx. 90 residues. This predicted α-helix contains an internal tandem repeat (40 % sequence identity, 74 % similarity for stathmin) [21, 29] , which suggests that each copy of the repeat probably faces one α/β tubulin heterodimer. Furthermore, cross-linking experiments [30] and recent X-ray crystallographic studies (R. B. G. Ravelli, B. Gigant, P. A. Curmi, I. Jourdain, S. Lachkar, A. Sobel and M. Knossow, unpublished work) revealed that the region N-terminal to the α-helix interacts with α-tubulin. Considering the head-to-tail arrangement of the tubulin heterodimers in the complex, this finding indicates that the N-terminal region caps the edging α-tubulin monomer of the T 2 S complex. Overall, these results provide a picture of the tubulin:SLD complex structure ( Figure 1) . However, the mechanisms that lead to the formation and stabilization of the complex and that make each SLD unique regarding tubulin sequestration still remain undescribed.
In the present study, we measured the relative contribution of the N-terminal region, the first and second tubulin-binding sites According to X-ray analysis, the two α/β tubulin heterodimers align head-to-tail along a 91-residue SLD α-helix. The 51 residues spacing corresponds to the distance on the SLD, separating the contact points with the two adjacent α/β tubulin heterodimers. The N-terminal region, which has been shown by cross-linking experiments to interact with α-tubulin, is thought to cap the edging tubulin monomer of the T 2 S complex. (B) Secondary-structure predictions (algorithm DPM Deleage and Roux) of stathmin (grey) and RB3 SLD (black). The SLDs can be divided into three main regions: an N-terminal region and two α-helical regions. The two α-helical regions correspond to the two tubulin-binding sites (sites 1 and 2) (see the Results section). (C) The comparison of the stathmin and RB3 SLD primary sequences reveals that the most conserved region is site 1 (82.5 % identity, 95 % similarity), followed by site 2 (75 % identity, 90 % similarity) and the N-terminal region (50 % identity, 78.6 % similarity). The two sites are 35 % identical and 69 % homologous in stathmin. Three of the four stathmin phosphorylation sites (grey) are located in the N-terminal region and the last one is in site 1. Those of RB3 SLD have not been identified so far. The limits of the three regions were estimated with the stathmin numbering as follows: N-terminus, amino acids 1-42; site 1, amino acids 43-82; site 2, amino acids 94-133.
of SLDs and their functional relationship. To this purpose, we studied the tubulin-binding properties of various fragments and chimaeras of stathmin and RB3 SLD using size-exclusion chromatography, SPR (surface plasmon resonance) and tubulin polymerization assays. We demonstrate that the two SLD tubulinbinding sites are not exchangeable and play specific roles in the interaction with tubulin. We further show that the N-terminal region participates in the tubulin sequestration process and that the second C-terminal tubulin-binding site greatly affects the stability of the T 2 S complex. Our results indicate that tubulin co-operatively interacts with SLDs and shed a new light towards understanding of the diverse properties of the various SLDs.
MATERIALS AND METHODS

DNA constructs of fragments and chimaeras derived from stathmin and RB3 SLD
Standard recombinant DNA techniques were performed as described in [31] . All SLD derivatives were expressed using the pET-8c (Novagen, Madison, WI, U.S.A.) and the pDW363 (gift from Dr D. Waugh, Roche Research Center, Nutley, NJ, U.S.A.) inducible expression vectors. Restriction enzymes were from New England Biolabs (Surrey, BC, Canada).
The coding regions of human stathmin [29] and rat RB3 SLD [26] cDNAs were used for stathmin and RB3 SLD expressions. Truncated SLD derivatives (SN-S1 and RN-R1) were constructed by PCR using the High Expand Fidelity enzyme (Stratagene, La Jolla, CA, U.S.A.). The 5 -and 3 -primers (Genset, Paris, France) contained NcoI and BamHI restriction sites respectively to allow the insertion of the amplified product into the expression vectors after NcoI and BamHI digestion.
Chimaeras were designed to replace the N-terminal region (Nter, amino acids 1-42), the first (site 1, amino acids 43-82) or the second (site 2, amino acids 94-133) sites of stathmin by those of RB3 SLD or conversely (RN-S1-S2, SN-R1-R2, SN-R1-S2 and SN-S1-R2), or to swap them within stathmin (SN-S1-S1, SN-S2-S2 and SN-S2-S1) (Figure 2 Fragments and chimaeras of stathmin (grey = S) or RB3 SLD (black = R) were designed to analyse the role played by the N-terminus (N), the first (filled box) and the second (empty box) tubulin-binding sites. The two mutations that were introduced into the stathmin cDNA for the constructions (*) were homologous and coding for residues supposedly not directly involved in the interaction with tubulin (see the Materials and methods section).
supposed to be not involved directly in the interaction with tubulin. stathmin was checked to display neither shape nor tubulinbinding differences with stathmin, in terms of Stokes radius, in vitro tubulin polymerization and complex stability assessed by size-exclusion chromatography (see below). DNAs encoding the first and second sites were made by PCR using 5 -and 3 -primers containing the HpaI, StuI or SnaBI restriction sites, depending on the insertion site into the stathmin DNA.
For SPR experiments, a new coupling approach was developed that allowed a unidirectional, homogeneous and highly stable coupling of SLD derivatives to a streptavidin-coated chip (sensorchip SA; BIAcore AB, Uppsala, Sweden). Recombinant SLD derivatives were expressed using the pDW363-inducible expression vector that directs the synthesis of biotinylated proteins in Escherichia coli. pDW363 was designed to fuse a peptide substrate for enzymic biotinylation to the N-terminus of proteins [32] . The substrate was expressed in a coupled translation arrangement with the enzyme. Taking advantage of the presence of the XhoI and BamHI sites, the malE region present between these two restriction sites was removed from pDW363 and a linker containing an NcoI site was inserted instead. All coding sequences were then subcloned using the NcoI and BamHI insertion sites.
All cDNA constructs were checked by sequencing (Genome Express, Meylan, France).
Expression and purification of recombinant stathmin and RB3 SLD derivatives
Recombinant proteins were expressed in the BL21(DE3) E. coli strain (Stratagene). Luria-Bertani medium (400 ml) containing 100 µg/ml ampicillin was seeded with 1 ml of an overnight preculture and grown at 37
• C. For the growth of bacteria transformed with pDW363, 50 µM biotin was added to the culture.
When the exponential phase was reached, the recombinant protein expression was induced by the addition of 0.4 mM isopropyl β-D-thiogalactoside. Bacteria were pelleted 3 h later (at 4000 g for 15 min at 4
• C) and resuspended in 20 mM Tris/HCl, 1 mM EGTA (pH 8.0), containing the antiprotease cocktail Complete (Roche, Mannheim, Germany). After 1 min sonication for three times on ice, the lysate was centrifuged (4000 g for 15 min at 4
• C) and the supernatant 1 (S1) was boiled for 10 min and centrifuged again (at 4000 g for 15 min at 4
• C). This second lowspeed supernatant was centrifuged further (100 000 g for 1 h at 4
• C using Optima MAX ultracentrifuge, rotor MLA80; Beckman Instruments, Fullerton, CA, U.S.A.) to yield the boiled S2 supernatant. Boiled S2 supernatants of biotinylated proteins were washed off their biotin by extensive dialysis against PBS, 1 mM EGTA (pH 8.0) and directly used for SPR experiments (see below). The expression of the proteins and the specificity of their biotinylation were verified by SDS/PAGE and Western-blot analysis using streptavidin-horse-radish peroxidase (Molecular Probes, Leiden, The Netherlands).
The S2 supernatants of non-biotinylated proteins were further purified by anion-exchange chromatography. A Q-Sepharose FF column (Amersham Biosciences, Frieburg, Germany) was equilibrated with 20 mM Tris/HCl and 1 mM EGTA (pH 8). Proteins were eluted with a 0-500 mM NaCl linear gradient in the same buffer. The eluted fractions were analysed by SDS/PAGE and Coomassie Blue staining. SLD derivative positive fractions were pooled and concentrated by ultrafiltration using a Centriprep 10 (Millipore, Bedford, MA, U.S.A.). Finally, protein extracts were loaded on to a Superose 12 HR 10/30 size-exclusion chromatography column (Amersham Biosciences) equilibrated with PBS and 1 mM EGTA. The collected fractions and SLD derivative positive fractions were analysed as described above.
Concentrations of the purified protein products were accurately determined by amino acid analysis. For RB3 SLD , RN-S1-S2 and RN-R1, purification and subsequent experiments were performed in the presence of 1 mM DTT (dithiothreitol) to avoid disulphide bond formation.
Bovine brain tubulin preparation
Tubulin was purified from bovine brain crude extracts by three cycles of polymerization [33] , followed by phosphocellulose chromatography [34] . Tubulin was stored at −80
• C in 50 mM Mes/KOH, 0.5 mM DTT, 0.5 mM EGTA, 0.25 mM MgCl 2 , 0.5 mM EDTA, 3.4 M glycerol and 0.1 M GTP (pH 6.8) for longterm storage. Before use, an additional cycle of polymerization was performed at the end of which tubulin was resuspended in 12.5 mM Mes/KOH, 0.25 mM EGTA and 0.25 mM MgCl 2 (pH 6.8). Tubulin concentration was determined by spectrophotometry using a molar absorption coefficient of 115 000 M −1 cm
at 280 nm [35] .
In vitro tubulin polymerization assay
The effect of different concentrations of SLD derivatives on tubulin polymerization was monitored turbidimetrically at 340 nm [36] in a thermostatically controlled ELISA ThermoMAX spectrophotometer (Molecular Devices, Sunnyvale, CA, U.S.A.). Tubulin alone and tubulin in the presence of stathmin or stathmin were used as controls. Samples were prepared in buffer M [50 mM Mes/KOH/30 % (v/v) glycerol/6 mM MgCl 2 /0.5 mM GTP/1 mM EGTA, pH 6.8] and loaded in a half-area transparent 96-well plate (Corning, NY, U.S.A.) with a light path of 0.6 cm. The increase in turbidity was recorded at 37
• C until a plateau was reached. The stationary-state level of polymerization was defined as the difference between the plateau value and the value at the beginning of the recording. All results are representative of at least two independent experiments.
Gel-filtration assay
The Stokes radii (a) of SLD derivatives were estimated by chromatography at 0.5 ml/min on a Superose 12 HR 10/30 column (Amersham Biosciences) pre-equilibrated with buffer AB (80 mM Pipes/KOH/1 mM EGTA/5 mM MgCl 2 pH 6.8) in which 1 mM DTT was added. The total volume (V t ) of the gel bed was determined by loading 1 % acetone and the void volume (V 0 ) by measuring the elution volume of Blue Dextran. Protein standards used to calibrate the column were from the LMW and HMW gel filtration calibration kits (Amersham Biosciences). Elution volumes (V e ) of samples (20 µg of proteins in 100 µl) were monitored at 226 nm. The Stokes radii of SLD derivatives were estimated on a (−log K av ) 1/2 versus Stokes radius plot, as described by Siegel and Monty [37] .
The interaction of the SLD derivatives with tubulin was studied by size-exclusion chromatography on a Superose 12 HR 10/30 column pre-equilibrated with buffer AB at 0.5 ml/min. Monitoring at 278 nm allowed us to observe the tubulin peaks only, since SLD derivatives do not significantly absorb light at this wavelength. Samples of 100 µl containing 10 µM tubulin and various concentrations of SLD derivatives were prepared in buffer AB and loaded on to the column. For SN-S1 and RN-R1, the interaction was favoured by the addition of 1 M TMAO (trimethylamine-N-oxide) to the sample and elution buffers and by increasing the tubulin/SLD derivative concentration ratio to 1:6. To search for a shift or a decrease in the SLD derivative elution peak when mixed with tubulin, runs were monitored at 226 nm and 300 µl fractions of either the SLD derivative alone or the SLD derivative plus tubulin were collected to examine their content by Western-blot analysis.
SPR
BIAcore 2000 system, sensorchip SA, and HBS buffer [0.01 M Hepes (pH 7.4)/0.15 M NaCl/3 mM EDTA/0.005 % polyoxyethylenesorbitan] were from BIAcore AB. The sensorchip SA is coated with streptavidin, thus allowing streptavidin-biotin couplings. It was preconditioned with three 10 µl injections of 50 mM NaOH, 1 M NaCl, and saturated with three 10 µl injections of 10 mg/ml BSA. The first flow cell was used as a reference flow cell. The other three flow cells were coupled with the dialysed S2 of the various SLD derivatives that were specifically biotinylated on their N-terminal tag. To obtain surfaces with comparable molecular densities, the amounts of proteins coupled were proportional to their molecular masses. Approx. 140 RU (resonance units) of 18 kDa proteins (e.g. stathmin or chimaeras) and 70 RU of SN-S1 or RN-R1 were coupled. This coupling stage was performed at 10 µl/min in HBS buffer.
To study the interaction of tubulin with the coupled proteins, SPR experiments were performed at a constant flow rate of 30 µl/min, in buffer AB (80 mM Pipes/KOH/1 mM EGTA/5 mM MgCl 2 pH 6.8) supplemented with 0.005 % (v/v) P20 surfactant. The interaction with SN-S1 or RN-R1 was favoured by the addition of 1 M TMAO in this buffer. Several runs of tubulin ranging from 1 to 20 µM were made in the presence of 1 mM GDP. The association phase was recorded for 160 s and the dissociation phase for various periods of time. In between two runs, the sensorchip was regenerated with 30 µl of 50 mM Hepes, 500 mM NaCl, 3 mM EDTA and 0.005 % P20 surfactant (pH 7.4).
For the analysis, the reference flow cell sensorgram was subtracted from the corresponding sensorgrams, to abolish base-line drift, bulk and non-specific interaction contributions. These net sensorgrams were then normalized (100 %, maximum signal) to highlight the differences in kinetics.
RESULTS
To understand some of the molecular processes that lead to the formation and stability of tubulin:SLD complexes (generically referred to as T 2 S complex), we analysed the role played by three regions of the SLDs in the interaction with tubulin. These regions and their boundaries were estimated according to structural data, sequence comparisons and secondary-structure predictions by dedicated algorithms [38] (Figure 1 ). The X-ray crystallography of the tubulin:RB3 SLD complex revealed that the two tubulin dimers line up along a 91-residue SLD α-helix [21] . A predicted α-helix of corresponding length contains an internal tandem repeat, suggesting that each copy may interact with one tubulin dimer [21, 29] . Nevertheless, the two tubulin-interacting sites, while overlapping the repeats, may be larger than the repeats themselves and are designated in the present study as sites 1 and 2. The third region of interest is the N-terminal region of the SLD, which was defined as the region preceding site 1. Therefore we chose to delimit these three regions, using the stathmin numbering, as follows: N-terminal region, amino acids 1-42, site 1, amino acids 43-82 and site 2, amino acids 94-133 ( Figure 1) .
Characterization of the fragments and chimaeras of stathmin and RB3 SLD
The contribution of these three regions in the formation and stability of the tubulin:SLD complex was studied by means of fragments and chimaeras of stathmin and RB3 SLD in which these specific regions were combined (Figure 2 ). Fragments and chimaeras were named according to the following nomenclature: N, N-terminus; 1, site 1; 2, site 2. Stathmin-derived sequences were named S, and those from RB3 SLD , R (e.g. stathmin, SN-S1-S2; RB3 SLD , RN-R1-R2). Chimaeras were designed to analyse the role of one region in a specific environment. Thus, we constructed stathmin-stathmin chimaeras in which sites 1 and 2 were duplicated (SN-S1-S1 and SN-S2-S2) or inverted (SN-S2-S1), and stathmin-RB3 SLD chimaeras where each site of stathmin was replaced by its RB3 SLD counterpart (SN-R1-S2, SN-S1-R2, RN-S1-S2 and SN-R1-R2). Fragments were also constructed to compare the effect of truncations in stathmin and in RB3 SLD (SN-S1 versus RN-R1).
We ensured by size-exclusion chromatography that all fragments and chimaeras retained the hydrodynamic features of SLDs ( Table 1) . As described, stathmin and RB3 SLD displayed asymmetrical and elongated shapes because their apparent molecular masses are larger than their calculated molecular masses [28] . The fragments derived from RB3 SLD had lower Stokes radii and lower apparent molecular masses when compared with the stathmin fragments. Thus they retained the relative hydrodynamic characteristics of RB3 SLD and stathmin respectively. The Stokes radii and apparent molecular masses of the chimaeras were all in the same order of magnitude as those of stathmin [approx. 38 Å (1 Å = 0.1 nm) and 70 kDa]. Hence, their global organization was not altered. Importantly, differences in size-exclusion chromatography elution profiles of the complexes with tubulin could not be accounted for by different Stokes radii of their SLD components, but rather reveal differences in tubulin binding. 
TMAO is an efficient stabilizer of the T 2 S complexes
TMAO is a natural osmolyte that stimulates tubulin polymerization and lowers the tubulin critical concentration by structuring and stabilizing tubulin [39] . Therefore we wondered whether it could favour the interaction between tubulin and SLDs and be a helpful tool for studying low-stability complexes. Its effect on the tubulin:stathmin interaction was studied by size-exclusion chromatography ( Figure 3 ). In the absence of TMAO, the tubulin peak shifted by stathmin displayed a trailing shoulder corresponding to tubulin partially dissociated from stathmin [19, 28] . In contrast, in the presence of TMAO, a single tubulin peak was observed, showing that the complex was stabilized. The stabilizing effect of TMAO was even more obvious with RB3 SLD , an RB3 splice variant that forms a T 2 S complex of poor stability with tubulin [28] . Indeed, in the absence of TMAO, the tubulin:RB3 SLD complex was not stable, the tubulin peak being only slightly shifted when compared with that induced by stathmin. The addition of 1 M TMAO led to a marked shift of the tubulin resembling that of the tubulin:stathmin complex. Thus TMAO appears as a good tool for the comparative study of lowstability complexes.
Each stathmin site plays a specific role in the interaction of stathmin with tubulin
The two sites of stathmin each contain a copy of an internal tandem repeat. This sequence similarity may be relevant to the binding of the two identical tubulin heterodimers. To explore the extent to which these two sites play similar or distinct roles in the interaction with tubulin, we analysed the tubulin-binding properties of stathmin-stathmin chimaeras in which the first and the second sites were duplicated (SN-S1-S1 and SN-S2-S2) or swapped (SN-S2-S1) (Figure 2 ).
Stathmin-stathmin chimaeras retain the ability to bind two tubulin heterodimers
The functionality of these chimaeras to form T 2 S complexes was tested by size-exclusion chromatography under optimized conditions, i.e. in the presence of 1 M TMAO. Tubulin (10 µM) was loaded either alone or as a mixture with stathmin or 5 µM chimaeras. As illustrated in Figure 4 (A), SN-S1-S1 and SN-S2-S2 formed complexes that were mostly eluted at the same volume as the tubulin:stathmin complex. Under the same conditions, SN-S2-S1 induced a shift of the tubulin peak but far less than stathmin ( Figure 4B ), a peak of nearly equal surface remaining eluted at the free tubulin elution volume, implying that only half the available tubulin was bound by SN-S2-S1. This could signify either that SN-S2-S1 retained only one functional site (real TS complex) or that the two sites were transiently occupied. The latter was privileged because runs performed with higher concentrations of this chimaera (20 and 40 µM) induced a better shift of the tubulin peak, and because both SN-S1-S1 and SN-S2-S2 could effectively bind two tubulin heterodimers.
Thus, inasmuch as they can form T 2 S complexes under optimized conditions, we conclude that SN-S1-S1, SN-S2-S2 and SN-S2-S1 retain some of the essential tubulin sequestration properties of stathmin.
The two tubulin-binding sites of stathmin are not interchangeable and their efficiency of tubulin sequestration depends on their location in the SLD
We compared the affinity of each one of SN-S1-S1, SN-S2-S2 or SN-S2-S1 for tubulin, with in vitro tubulin-polymerization assays ( Figure 5A ). In the presence of 1 mol of a T 2 S-forming protein, the tubulin-polymerizable pool would be depleted by 2 mol of tubulin. Figure 4 The ability of SN-S1-S1, SN-S2-S2 and SN-S2-S1 to form T 2 S complexes revealed by size-exclusion chromatography in the presence of TMAO (A) Elution profiles of 10 µM tubulin alone (broken line) or mixed with 5 µM stathmin (solid line), SN-S1-S1 (᭢) or SN-S2-S2 (᭛). These two chimaeras probably bind two tubulin heterodimers, since they form complexes with tubulin that are eluted similarly to the tubulin:stathmin complex. (B) Elution profiles of various concentrations of SN-S2-S1 mixed with 10 µM tubulin. The tubulin peak is more shifted in the presence of higher concentrations of SN-S2-S2. The ability of SN-S2-S1 to bind two tubulin heterodimers is further supported by the fact that SN-S1-S1 and SN-S2-S2 are functional regarding tubulin sequestration. Experiments were performed in buffer AB (see the Materials and methods section) + 1 M TMAO. Arrows show the excess of free tubulin as revealed by monitoring at 278 nm, probably due to the low stability of the complexes.
Thus we calculated and plotted the microtubule plateau values that should be obtained with 20 µM tubulin and various concentrations of such a T 2 S-forming protein. This theoretical T 2 S plot indicates the saturation level of the tubulin-binding sites (T 2 S = 100 %). Then, 20 µM tubulin was allowed to polymerize in the presence of various concentrations of stathmin or of the three stathminstathmin chimaeras. The stathmin and the SN-S1-S1 tubulin polymerization plots fitted with the theoretical T 2 S plot, implying that their two tubulin-binding sites were 100 % saturated with tubulin. In contrast, SN-S2-S2 and SN-S2-S1 inhibited tubulin polymerization with lower efficiency (80 and 50 % respectively). As we showed that each chimaera was able to bind two α/β tubulin heterodimers, the differences observed in the present study reflect the affinities of the chimaeras for tubulin [40] . These chimaeras could thus be qualitatively classified according to their affinities as follows: stathmin ≈SN-S1-S1 > SN-S2-S2 > SN-S2-S1.
Differences between the various tubulin:chimaera complexes were further examined by SPR. Figure 5(B) shows the normalized signals obtained with 5 µM tubulin. The apparent associations of (A) Tubulin polymerization was performed at 37 • C for 1 h and microtubule assembly was monitored by turbidimetry at 340 nm (D, attenuance). The T 2 S plot is a theoretical plot that represents the maximum saturation level of the two tubulin-binding sites (see text). Tubulin (20 µM) was allowed to polymerize in the presence of different concentrations of stathmin as a control (᭺), SN-S1-S1 (᭢), SN-S2-S2 (᭛) or SN-S2-S1 (). The results show that the chimaeras inhibit tubulin polymerization with approx. 100, 80 and 50 % efficiencies respectively. (B) SPR was assessed by coupling stathmin or chimaeras on streptavidin-coated sensorchips (SA) via an N-terminal biotinylated tag and injecting various concentrations of tubulin. Tubulin was injected for 160 s (tubulin, association phase), and the dissociation phase (buffer) was monitored for 200 s. The net normalized signals for an injection of 5 µM tubulin are presented. Tubulin associates with and dissociates from SN-S1-S1 (᭢) and SN-S2-S2 (᭛) much faster than from stathmin (᭺). (C) Saturation curves were drawn from the maximum RU measured during the association phase as a function of tubulin concentration. Chimaeras can be qualitatively classified according to their affinity for tubulin, as follows: stathmin > SN-S1-S1 > SN-S2-S2 > SN-S2-S1. tubulin with SN-S1-S1 and SN-S2-S2 appeared slightly faster than that with stathmin , and tubulin dissociated almost instantly from the two chimaeras, i.e. much faster than from stathmin (Table 2) . Hence, as the apparent association kinetics is the net result from both the actual association and dissociation rates, the actual association rates of the chimaeras must be much faster than that of stathmin to balance the concomitant fast dissociation rates. However, these normalized plots did not allow us to discriminate SN-S1-S1 from SN-S2-S2 regarding tubulin kinetics. This was done by plotting the maximum RU measured during the association phase as a function of tubulin concentration ( Figure 5C ). The resulting saturation curves clearly show that SN-S1-S1 had a higher affinity for tubulin when compared with SN-S2-S2, but much lower than stathmin , and that SN-S2-S1 had the lowest affinity. Thus the present study extends the sizeexclusion chromatography and tubulin polymerization results and lead to a finer relative affinity ordering: stathmin SN-S1-S1 > SN-S2-S2 SN-S2-S1.
In conclusion, our results show that replacing site 1 by site 2 and vice versa in stathmin decreases the efficiency of tubulin binding.
Regions responsible for the different tubulin-binding properties of stathmin and RB3 SLD
Like stathmin, RB3 SLD is capable of binding two tubulin heterodimers, but displays very different tubulin-binding kinetics [28] , RB3 SLD forming a more stable complex with tubulin. We took advantage of these differences to determine the role of the three regions of the SLDs in the mechanistic events that take place in the SLD for the formation and stability of the T 2 S complex.
Site 2 is a major stabilizing component of the T 2 S complex
We analysed the influence of each site on the differences between stathmin and RB3 SLD by replacing either site 1 or site 2 of stathmin by that of RB3 SLD (SN-R1-S2 and SN-S1-R2).
Tubulin polymerization assays showed that the two chimaeras retained their functionality, since they behave like T 2 S-forming proteins ( Figure 6A) .
We then compared the stabilities of these complexes by sizeexclusion chromatography. Figure 6 (B) presents the elution profiles of 10 µM tubulin alone or with 5 µM stathmin , RB3 SLD or chimaeras. Both chimaeras induced a shift of the tubulin peak. Whereas the tubulin:SN-R1-S2 complex was eluted at the (᭝), SN-S1-R2 (᭜), stathmin (thin black) or RB3 SLD (thick black). Globally, as a matter of shape and elution volume, the SN-R1-S2 peak resembles that of stathmin and the SN-S1-R2 peak that of RB3 SLD . (C) SPR signals observed when injecting 5 µM tubulin on immobilized stathmin (᭺), RB3 SLD (thick black), SN-R1-S2 (᭝) and SN-S1-R2 (᭜). The SN-R1-S2 curve is similar to the stathmin curve, whereas the SN-S1-R2 curve diverges from it and tends to resemble that of RB3 SLD .
same position as the tubulin:stathmin complex, SN-S1-R2 induced a better shift of the tubulin peak.
These results were extended by SPR analysis ( Figure 6C ). The apparent association and dissociation kinetics of tubulin with SN-R1-S2 and stathmin appeared similar. On the other hand, the half dissociation time of tubulin from SN-S1-R2 (540 s) was much longer than from stathmin (63 s) ( Table 2 ). The association of tubulin with SN-S1-R2 also appeared slower than that of tubulin with stathmin , especially when corrected for the concomitant dissociations.
Thus replacing site 1 of stathmin by site 1 of RB3 SLD induced almost no change in the association and dissociation kinetics of tubulin. More remarkably, introducing the second RB3 SLD site into stathmin shifted the tubulin interaction kinetics and stability of stathmin towards those of RB3 SLD .
The N-terminal regions of stathmin and RB3 SLD participate in the tubulin sequestering process but with different efficiencies
The influence of the N-terminal region was assessed by the comparison of RN-S1-S2 with stathmin and that of SN-R1-R2 with RB3 SLD . At first glance, the kinetics of tubulin binding to RN-S1-S2 and SN-R1-R2 resembled those of tubulin binding to stathmin and RB3 SLD respectively ( Figure 7A ). In particular, the apparent association with RN-S1-S2 and stathmin appeared very similar and the determination of the half dissociation times did not reveal further differences (Table 2 ). However, the apparent association with SN-R1-R2 appeared slightly faster when compared with RB3 SLD , and the half dissociation time (1790 s) was larger when compared with that from RB3 SLD (1070 s). This indicates that the N-terminal region is probably involved in the sequestering process and that the N-terminal regions of stathmin and RB3 SLD behave differently.
Because the stabilizing effect of the second tubulin-binding sites (see Figure 6 ) might have hidden the influence of the Nterminal regions, we removed these sites by comparing SN-S1 and RN-R1. We first analysed SN-S1 and RN-R1 by SPR experiments in the presence of 1 M TMAO. Figure 7 (B) represents the net sensorgrams obtained with a range of tubulin concentrations. SN-S1 clearly bound much more tubulin when compared with RN-R1. Tubulin interaction kinetics with SN-S1 were very rapid, since tubulin associated and dissociated extremely fast, whereas tubulin associated to and dissociated from RN-R1 very slowly.
These results were extended by comparing the affinities of SN-S1 and RN-R1 for tubulin with in vitro tubulin polymerization assays ( Figure 8A ). In this case, the maximum efficiency (100 %) of tubulin polymerization inhibition was obtained when the single tubulin-binding site was fully saturated with one tubulin heterodimer. The two SLD derivatives were capable of limiting tubulin polymerization but SN-S1 did so more efficiently when compared with RN-R1 (approx. 85 and 70 % saturation respectively), indicating that SN-S1 has a higher affinity for tubulin when compared with RN-R1.
Finally, the interaction of SN-S1 or RN-R1 with tubulin was tested by size-exclusion chromatography in the presence of 1 M TMAO. As these SLD derivatives are small and expected to bind a single tubulin heterodimer, the complexes made with tubulin were probably eluted like uncomplexed tubulin. For this reason, we focused on the observation of the SLD derivative peaks by monitoring at 226 nm. Fractions from the column corresponding to the tubulin and SLD derivative peaks were collected and analysed by Western-blot analysis. Figure 8(B) shows that in the presence of tubulin, the SN-S1 peak was barely shifted and its surface was not diminished, reflecting the rapid equilibrium observed by SPR. In contrast, RN-R1 was partly eluted in the same fractions as tubulin and the RN-R1 peak was shifted as well as reduced ( Figure 8C ). The tubulin:RN-R1 complex appeared Figure 5B) . Tubulin was injected for 160 s and the dissociation phase was monitored for 240 s. The concentrations of tubulin are indicated. Note the difference in scale between the upper and lower panels. SN-S1 binds significant amounts of tubulin with rapid kinetics, whereas RN-R1 binds very few tubulins with slow kinetics.
more stable when compared with the one formed with SN-S1, again confirming the SPR observations.
In conclusion, SN-S1 seems to have a higher affinity for tubulin when compared with RN-R1, but the complex is far less stable than the one obtained with RN-R1. The experimental conditions were the same as those described in Figure 5 (A). The theoretical plot corresponding to the full sequestration of one tubulin heterodimer by a single tubulin-binding site is shown (dotted line). Thus 100 % represents the maximum saturation of a single tubulin-binding site (TS = 100 %). SN-S1 (ᮀ) and RN-R1 ( ) are approx. 85 and 70 % saturated with tubulin respectively. For comparison, the plot that would be obtained in the presence of a protein containing two tubulin sites that would fully sequester tubulin (T 2 S) is reported (dashed line) and stathmin (᭺) was used as a control. (B, C) . Size-exclusion chromatography profiles of SN-S1 (B) and RN-R1 (C) alone (broken line) or in the presence of tubulin (continuous line). To favour the interaction, runs were achieved in the presence of 1 M TMAO. SLD derivative (60 µM) was incubated with 10 µM tubulin before being applied to a Superose 12 column (left panel). Western-blot analysis of the collected fractions (right panel) showed that the RN-R1 peak is shifted in the presence of tubulin, and that SN-S1 remains eluted at its control volume.
DISCUSSION
Stathmin is a ubiquitous cytosolic phosphoprotein that regulates microtubule dynamics by sequestering tubulin in a complex consisting of two α/β tubulin heterodimers per stathmin molecule (T 2 S). The process of tubulin sequestration most probably accounts for the effect of stathmin on microtubule dynamics. The other proteins of the stathmin family can also sequester tubulin through their SLD, but the different T 2 S complexes display very different stabilities. To describe better the mechanistic processes that lead to the sequestration of tubulin and to progress in the understanding of this diversity, we analysed the relative influence The relative affinities of the various tubulin:SLD derivative complexes used in this study were determined based on the converging results obtained by in vitro tubulin polymerization, SPR and size-exclusion chromatography assays (see text). (−), Low affinity; (+) high affinity. When these techniques did not allow us to differentiate constructs regarding their affinities for tubulin (bracket), they were classified according to the relative stability of the complexes that they formed with tubulin. The best affinity for tubulin is observed in the group of constructs in which both sites 1 and 2 are present and located at positions 1 and 2 respectively. Specific combinations between the N-terminal region, sites 1 and 2 of stathmin and RB3 SLD induce changes in the affinity for tubulin, the optimum affinity being observed with SN-R1-R2.
of three regions of SLDs on the interaction with tubulin. To do so, we used in vitro tubulin polymerization assays that directly revealed affinity differences as shown by Amayed et al. [40] , SPR data that provided half dissociation times reflecting k d and indirect evaluations of k a from the apparent association patterns, and size-exclusion chromatography assays that gave information about complex stability. The various SLD derivatives used in this study were thus ordered according to their relative affinities for tubulin, as presented in Figure 9 .
Relative roles of the N-terminus, the first and the second sites of stathmin in its interaction with tubulin
The two tubulin-binding sites of stathmin each contain a copy of an internal tandem repeat. Despite these apparent similarities, we found, using stathmin-stathmin chimaeras, that these two sites are not equivalent since replacing site 1 by site 2 and vice versa (SN-S1-S1 and SN-S2-S2) altered the tubulin-binding characteristics of stathmin. In addition, the contribution of each site appears to depend on its location within the molecule. This is best exemplified by SN-S2-S1, which contains the three regions of stathmin but displays the lowest affinity for tubulin and formed the least stable complex. Hence, sites 1 and 2 must play distinct but complementary roles in the formation and stability of the T 2 S complex and their relationship with the other regions must be of importance.
This raises the question of the relationship between the Nterminal region and site 1, since these two regions interact with the same tubulin heterodimer in the T 2 S complex [21, 30] . Our results show that when site 1 is preceded by the N-terminal region, it is capable of forming a complex of very low affinity with tubulin. This could explain why previous attempts to detect an interaction between site 1 alone and tubulin have failed [20, 23, 41] . Interestingly, SN-S1-S1 has a higher relative affinity for tubulin when compared with SN-S2-S2. At first sight this suggests that site 1 binds tubulin with a better affinity when compared with site 2, but SN-S2-S1 did not display a better affinity when compared with SN-S2-S2. Instead, one could rather consider that SN-S1-S1 is the only chimaera of this series where the N-terminal region remained associated with site 1. This indicates that one tubulin heterodimer may need to be correctly bound to the N-terminal region+site 1 to favour the binding of the other tubulin heterodimer. Thus the binding of tubulin to the N-terminal region+site 1 may constitute the primary and determinant event of the T 2 S complex formation.
Regarding site 2, we showed that its replacement by site 1 greatly decreases the stability of the complex formed with tubulin. The second site appears as a stabilizing component of the tubulin:stathmin complex.
Our findings provide direct evidence for a positive cooperativity model [40] . Indeed, we show that the N-terminal region is necessary for site 1 to bind a first tubulin heterodimer. Although this interaction is very weak, it influences the binding of the second tubulin on site 2, which in turn participates in the stabilization of the whole T 2 S complex.
Molecular basis for the differences in tubulin-binding properties of SLDs
Beyond the description of the tubulin:stathmin interaction, our results further allow us to identify regions responsible for the different tubulin-binding properties displayed by stathmin and RB3 SLD .
The very similar behaviours of SN-R1-S2 and stathmin indicated that the first sites of RB3 SLD and stathmin perform similar roles in the formation of the T 2 S complex. Hence, the comparison of SN-S1 and RN-R1 should reveal differences between the Nterminal regions. Indeed, SPR experiments showed that the tubulin:SN-S1 complex is in rapid equilibrium in contrast with the tubulin:RN-S1 complex, and tubulin polymerization assays showed that SN-S1 has a higher affinity for tubulin. This suggests that the N-terminal region does not favour the binding of tubulin in RB3 SLD as well as in stathmin. Finally, the comparison of SN-S1-R2 with stathmin showed that the second site of RB3 SLD is also a T 2 S-complex stabilizer, even more efficient than that of stathmin. This is in agreement with the observation that RB3 SLD , a C-terminal truncated variant of RB3 SLD , forms a very low-stability complex with tubulin [28] .
This indicates that the N-terminal region and the second site, but not the first site, are responsible for the bulk tubulin-binding differences between stathmin and RB3 SLD . Interestingly, this is in accordance with the primary sequence conservation of these regions between stathmin and RB3 SLD (Figure 1 ) that lie in the order: site 1 (82.5 % identity) > site 2 (75 % identity) > Nterminal region (50 % identity). Moreover, a relative balance seems to exist between the N-terminal region and the second site, which would be opposite in stathmin and in RB3 SLD . Indeed, the N-terminal region of stathmin favours the interaction with tubulin better than that of RB3 SLD , whereas the second site of RB3 SLD stabilizes the interaction better than stathmin. This hypothesis is also supported by the fact that SN-R1-R2 displays a better affinity for tubulin when compared with RB3 SLD . Curiously, RN-S1-S2 practically behaved like stathmin and did not slow down tubulin association. The N-terminal region of RB3 SLD might have so little influence on tubulin binding that it is compensated by site 2 in RN-S1-S2 as it is in RB3 SLD . But it is also possible that the combination of a given N-terminal region and a given site 1 induces a specific association rate. In such a hypothesis, RN combined with R1, but not RN alone, could be the reason why RB3 SLD associates slowly with tubulin.
Biological significance
The fact that the N-terminal region and site 2 do not play the same relative roles in stathmin and in RB3 SLD for the interaction with tubulin suggests that this interaction is differentially regulated. The four stathmin phosphorylation sites are located in the Nterminal region + site 1 and their combinatory phosphorylation can greatly alter the stability of the complex formed with tubulin [5, 6, 18] . The phosphorylation of stathmin could alter the binding of the first tubulin, possibly by provoking local unfolding [42] , which could make the subsequent co-operative events difficult to occur. Although little is known about the phosphorylation of RB3 SLD , the fact that three of the four phosphorylation sites of stathmin are poorly conserved in RB3 SLD suggests that the interaction with tubulin is not regulated by the phosphorylation of the Nterminus + site 1 region to any great extent. Nevertheless, the other serine residues are spread all over the RB3 SLD sequence. Notably, residue 107 located in site 2 could be phosphorylated by CKII or by PKC to control the stability of the T 2 S complex, which is strongly dependent on site 2. Therefore RB3 may be phosphorylated by different kinases when compared with those phosphorylating stathmin in response to different signals and leading to different cellular responses, such as a kinetically longer or stronger sequestration of tubulin.
It is noteworthy that apart from stathmin, all proteins of the stathmin family display various extensions positioned N-terminal to the SLD. These extensions are responsible in particular for their attachment to membranes [43] . They might alter the interaction with tubulin or its regulation, e.g. by steric hindrance or structural arrangements. One adaptation could have been to make the stability of the tubulin:SLD complexes mostly dependent on site 2. This adaptation could have been an opportunity for the phosphoproteins of the stathmin family to be regulated depending on their location in the cell and to play possible different or complementary roles in various intracellular compartments. In vivo studies aimed at analysing the activity of the proteins of the stathmin family in relation to their location should be instrumental in testing these hypotheses.
In conclusion, our results highlight the molecular processes by which tubulin co-operatively interacts with the SLDs. We show that the N-terminal region of stathmin takes part in the sequestering process for the binding of the first tubulin heterodimer to site 1. This seems to facilitate the binding of a second tubulin heterodimer on site 2, an event that in turn may stabilize the whole T 2 S complex. We also showed that the N-terminal region and site 2 do not have the same relative influence on stathmin and RB3 for the binding of tubulin, a property that might permit differential regulation by phosphorylation. Finally, considering that stathmin is highly overexpressed in numerous cancers [14] [15] [16] [17] , our results of the present study might contribute to the design of high-affinity peptides that could mimic or compete with SLDs, thus modifying the SLD-tubulin equilibrium, which is expected to slow down the cell cycle and to be useful for the treatment of cancer.
